The neuropilin (Nrp)1 receptor is essential for both nervous and vascular system development. Nrp1 is unusually versatile, because it transmits both chemoattractive and repulsive signals in response to vascular endothelial growth factor (VEGF)-A and class 3 semaphorins, respectively. Both Nrp1 and VEGF receptor 2 undergo ligand-dependent endocytosis. We sought to establish the endocytic pathway of Nrp1 and to determine whether uptake is required for its signaling. Whereas Nrp1 underwent clathrin-dependent endocytosis in response to VEGFA 165 treatment, semaphorin 3C (sema3C) induced lipid raft-dependent endocytosis. The myosin VI PDZ (postsynaptic density 95, Disk large, Zona occludens-1) adaptor protein synectin was essential for Nrp1 trafficking. Sema3C failed to inhibit migration of synectin Ϫ/Ϫ endothelial cells, mirroring the lower migratory response of these cells to VEGFA 165 . These results show that the endocytic pathway of Nrp1 is determined by its ligand and that the trafficking of Nrp1 is essential for its signaling. (Circ Res. 2008;103:e71-e79.) 
B oth vascular endothelial growth factor receptor (VEGFR)2 and neuropilin (Nrp)1 are known to undergo endocytosis in response to ligand binding. VEGFR2 internalization was reported to be clathrin-dependent 1, 2 and to require receptor autophosphorylation. 1, 3 It was recently shown that internalized VEGFR2 remains active. 2 Moreover, endocytosis and recycling of the drosophila VEGFR ortholog was required for cell migration in response to guidance cues. 4 Several studies observed Nrp1 internalization in response to semaphorin (sema)3A 5, 6 and VEGFA 165 , 7 although the endocytic pathway has not been positively identified. Indirect evidence suggested that Nrp1 underwent clathrin-dependent endocytosis, 5 but other studies observed Nrp1 in lipid rafts 8, 9 and an increase in its presence in rafts upon sema3A treatment. 8 Cholesterol depletion impaired cell response to sema3A, suggesting that the association of Nrp1 with lipid rafts was required for Nrp1 signaling.
The only cytoplasmic protein known to bind to the intracellular domain of Nrp1 is synectin, 10 also known as GIPC, 11 and neuropilin-interacting protein (NIP). 10 Synectin is a PDZ (postsynaptic density 95, Disk large, Zona occludens-1) adaptor protein that couples uncoated endocytic vesicles to the molecular motor myosin VI and is required for the trafficking of endocytosed membrane receptors. 12 The interaction of Nrp1 with synectin is required for developmental angiogenesis in the zebrafish embryo and for EC migration. 13 To date, no report has linked Nrp1 function to its internalization.
We sought to identify the endocytic pathway of Nrp1 in response to semaphorin and to VEGFA 165 and to track Nrp1 and VEGFR2 trafficking. We took advantage of the synectin Ϫ/Ϫ mouse model to determine whether synectin is required for Nrp1 trafficking. We then asked whether the internalization of Nrp1 is involved in its cellular function as a VEGF and semaphorin receptor.
Materials and Methods

Antibodies and Reagents
Antibodies to Nrp1 (R&D Systems); VEGFR2 (Fitzgerald Industries International); ␣-tubulin, ␤-actin (Sigma); flotillin, EEA1, clathrin heavy chain, alkaline phosphatase (AP)1␣, caveolin (Cav)1 (BD Transduction Labs); myc (Cell Signaling); green fluorescent protein (GFP), donkey anti-goat IgG-Alexa-568, donkey anti-rabbit IgG-Alexa-488, chicken anti-rat IgG-Alexa-488, and phalloidin-Alexa-647 (Invitrogen) were used according to the instructions of the manufacturer. Goat IgG was from Jackson Immunologicals, methyl ␤-cyclodextrin was from Sigma, and VEGF-A 165 was from R&D Systems. The single domain antibody to plexin D1 was described before 14 and was detected by anti-VSV (Abcam) conjugated to Qdot-565 (Invitrogen).
DNA Constructs and Transfection Method
A carboxyl-terminal fragment of AP180 was previously subcloned into the pCMV-myc plasmid, 15 and an EPS15 mutant lacking EH domains 2 and 3 was previously subcloned into pEGFP-C2 vector (Clontech). 16 These mutant proteins exerted a dominant-negative (DN) effect on clathrin-dependent endocytosis by competing with their endogenous counterparts for either clathrin or the clathrin adaptor protein AP2, respectively. Both were transfected into human umbilical cord ECs (HUVECs) (purchased from Lonza) using Fugene-6 (Roche) according to the instructions of the manufacturer. We used HUVECs for these experiments because their transfection efficiency (60% to 70%) was significantly higher than that of mouse primary ECs. The transfection efficiency of the latter ECs (Ͻ15%) was too low to ensure observation of the potential effects of expressing DN AP180 and EPS15 on Nrp1 uptake.
Recombinant sema3C Preparation and Binding Assay
Either chick sema3C subcloned into the APTag4 plasmid or AP was expressed and collected as described. 17 The conditioned medium was concentrated by centrifugation through 30-kDa cutoff filters (Centricon, Millipore). The concentration of the expressed AP or of the AP-sema3C fusion protein was calculated by measuring AP activity (AP Assay Reagent A, GenHunter) according to the instructions of the manufacturer. Binding of AP-sema3C to ECs after 10 minutes of incubation at 37°C was measured in the same manner using cell lysate. AP was used as an experimental control for AP-sema3C.
Primary EC Preparation
Mouse aorta ECs were isolated as described. 18 Cells were used up to passage 5 and grown in DMEM and 20% FBS.
Optical Microscopy
ECs were grown on fibronectin-coated glass-bottom 35-mm plates (Microwell, MatTek). Cells were fixed before confocal microscopy in 4% paraformaldehyde and permeabilized in 0.1% Triton X-100, as needed, and then mounted with Prolong Gold (Invitrogen). Images were acquired by laser-scanning confocal microscopy (Zeiss LSM 510 Meta, Thornwood, NY) with a ϫ63 objective. To minimize potential bleed-through, fluorescence channels were excited and acquired sequentially in each image.
The Nrp1 and VEGFR2 fluorescence signals were imaged on focal sections that traversed the cytoplasm. These signals persisted after the removal of surface-bound antibodies by low pH wash and colocalized with the endocytic marker EEA1. For these reasons, it can be safely assumed that Nrp1 and VEGFR2 clusters observed after the 0 time point represent endocytic vesicles.
Time-lapse imaging of live ECs grown in Microwell plates was done on an inverted microscope (Olympus IX71) equipped with a plexiglass-enclosed stage kept at 37°C and 5% CO 2 . Images were acquired by cooled software-controlled (QED, Media Cybernetics) charge-coupled device camera (SensiCam, Cooke Corp) using a filter and a ϫ60 objective (Olympus).
Uptake Assays
ECs grown in Microwell plates were incubated with antibody to Nrp1 (10 g/mL), VEGFR2 (10 g/mL), or both, diluted in DMEM plus 0.5% FBS for 15 minutes on ice, then washed with the same medium, and incubated with donkey anti-goat Alexa568 or Al-exa488, respectively. After washing again with same ice-cold medium, sema3C or VEGF-A 165 in 37°C medium at the indicated concentrations was added to all samples, except that corresponding to the 0-minute time point. The latter plate was left on ice, whereas the others were transferred immediately to 37°C, 5% CO 2 incubator, then removed at the indicated times, placed on ice, and washed with ice-cold PBS. Antibody remaining on the cell surface was removed from all plates (except for the 0-minute plate) by a 30-second wash with ice-cold PBS at pH 2.5. Trafficking and recycling were quantified by counting in how many cells out of 100 in each of 3 experiments Nrp1 punctae reached the perinuclear region or the plasma membrane by 30 minutes after the start of uptake. The effect of DN AP180 or EPS15 expression on Nrp1 uptake in HUVEC was quantified by KS400 Image Analysis Software (Zeiss), which cal-culated the ratio of the perinuclear fluorescence signal to the signal in the surrounding cytoplasm. The average postuptake intensity of control enhanced (e)GFP-transfected ECs was used as a threshold for classifying AP180-and EPS15-expressing ECs as "positive" or "negative" in terms of uptake. Data were obtained from 2 to 4 independent experiments, with a minimum of 30 cells per experiment.
Measurement of Colocalization
Localization between 2 fluorophores was calculated as the percentage of pixels in an image in which the intensity of both wavelengths was at least 100, in a scale of 0 to 255. The extent of colocalization was calculated from confocal images by CoolLocalizer software (Cytolight, Stockholm, Sweden) based on Pearson's correlation coefficient. 19 
Cell Fractionation by Sucrose Gradient
Each sample consisted of 2 confluent 15-cm plates. ECs were scraped off on ice in 25 mmol/L Tris-HCl pH 7.4, 150 mmol/L NaCl, 20 mmol/L EDTA, (TNE buffer) supplemented with a protease inhibitor cocktail (Complete, Roche), pelleted by brief centrifugation, and resuspended in 0.5 mL of TNE containing 1% CHAPS. Cells were sheared by 10 passages through a 26-gauge syringe needle, incubated for 30 minutes on ice, and mixed with 0.5 mL of 90% sucrose in TNE. The ensuing 45% sucrose sample was placed at the bottom of a centrifuge tube (Ultra Clear, Beckman) overlaid with 2.5 mL of 30% sucrose and 1 mL of 0.5% sucrose in TNE using a peristaltic pump (Densi-Flow, Labconco) and spun for 14 hours at 4°C in a Ti-55 rotor (Beckman) at 38 000 rpm (LM-8 Ultracentrifuge, Beckman). Fractions of 1 mL were removed from each tube by the same peristaltic pump, of which 45 L were resolve by SDS-PAGE (10% Bis-Tris Criterion, Bio-Rad) and transferred to poly(vinylidene difluoride) membrane (Pierce).
Chemotaxis Assays
Chemotaxis assays were performed and quantified as described. 20 Because epidermal growth factor (EGF) elicited the best response of synectin Ϫ/Ϫ ECs in migration assays, 18 we used it as chemoattractant in combination with sema3C. Both sema3C and EGF were placed in the bottom well.
Fluorescence-Assisted Cell Sorting
Mouse primary ECs labeled with anti-Nrp1 and donkey anti-goat IgG-Alex647 were sorted as described. 20
Statistical Analysis
Statistical significance was calculated by Student's double-tailed t test. The order of probabilities listed in the figure legends corresponds to the left to right order of asterisks in each figure.
Results
Nrp1 Underwent Endocytosis via Lipid Rafts in Response to sema3C
Because of the conflicting evidence on Nrp1 endocytosis, 5, 8, 9 we first sought to identify the endocytic pathway of Nrp1 in response to sema3. Of the several members of the sema3 family, we chose to treat ECs with semaphorin 3C (sema3C) because it was shown to be a Nrp1 ligand involved in the morphogenesis of the mammalian vascular system. 21, 22 In view of previous results, 5 we used markers of clathrindependent endocytosis. None of these markers (the clathrin heavy chain [ Figure 1a and 1c] and the adaptor protein 1␣ [data not shown]) colocalized with Nrp1 during sema3Cinduced uptake. We also considered the possibility of Cavdependent endocytosis because there is evidence for the presence of Nrp1 in Cav1-containing cell fractions. 23 Cav-dependent endocytosis was also ruled out, however, because Cav1 did not colocalize with Nrp1 at any time point between 0 to 30 minutes after the start of uptake (Figure 1a and 1c). A strikingly different outcome emerged when we used the lipid raft marker cholera toxin ␤ subunit (CT␤). In quiescent cells, Nrp1 was located primarily along cell edges and colocalized with CT␤ only by Ϸ5% ( Figure 1b ). By 5 minutes after the start of uptake, close to 20% of the Nrp1 population colocal-
Nrp1 colocalized with CT␤ but not with clathrin or Cav during sema3C-induced endocytosis. a, Mouse ECs fixed at the indicated time points during uptake in response to sema3C (250 ng/mL) were labeled with anti-Nrp1 (red) and with anti-clathrin heavy chain (Cla) (green) or with anti-Cav1 (Cav) (green). The white square in this and subsequent figures delineates the magnified subfield on the right. b, Mouse ECs fixed at the indicated time points during uptake in response to sema3C (250 ng/mL), labeled with anti-Nrp1 (red) and cholera toxin ␤ (CT␤) (green). Scale bars: 10 m (2 m in the magnified subfields). c, Extent of colocalization between Nrp1 and clathrin at 1 minute, Cav1 at 30 minutes, and CT␤ at 30 minutes after start of uptake (nϭ4 -5; ϮSD; Pϭ0.0002 and Pϭ0.00002). d, Quantification of the time course of colocalization between Nrp1 and CT␤ in ECs treated with sema3C (250 ng/mL, open squares) or VEGF-A 165 (50 ng/mL, filled squares) (nϭ3; meanϮSD; Pϭ0.0008, Pϭ0.0005, Pϭ0.0002). e, The fraction of ECs in which Nrp1 recycled to the plasma membrane in ECs treated with sema3C (250 ng/mL) (see the 2 lower right images in b) or with VEGF-A 165 (50 ng/mL) (see the 2 lower right images in Figure 4d ) (nϭ3; meanϮSD; Pϭ0.004). ized with CT␤ ( Figure 1c and 1d ). The general pattern of Nrp1 translocation was radial, from the cell periphery toward the perinuclear region, which was reached by 10 minutes (Figure 1b ). By 30 minutes, a large fraction of cellular Nrp1 was perinuclear, reaching, on average, a 23.5% colocalization with CT␤ ( Fig. 1b, c, and d) . At the same time, part of the Nrp1 population recycled to the plasma membrane in as much as 73% of the sampled ECs (Figure 1b and 1e ). The extent of Nrp1-CT␤ colocalization, as well all other colocalizations described below, are likely to have been underestimated given the high threshold intensity used for qualifying pixels as colocalized (see Materials and Methods). We concurred with a previous study 24 in showing that antibody binding did not induce endocytosis of Nrp1 ( Figure I in the online data supplement), and we ascertained that anti-Nrp1 did not interfere with sema3C binding to Nrp1 (supplemental Figure II) .
Expression of the DN mutants of the clathrin adaptor proteins AP180 15 or EPS15 16 (supplemental Figure III) did not inhibit sema3C-induced endocytosis of Nrp1 (Figure 2a ) in HUVECs. These mutants are specific to clathrin-dependent endocytosis and, unlike the dynamin-2 K44A DN mutant, do not affect Cav-dependent endocytosis. We were not able to use the latter because of the artifactual effects of its expression on EC cell cycle and VEGFR2 expression level. 25 Endocytosis was blocked, however, by the cholesteroldepleting compound methyl ␤-cyclodextrin (Figure 2b) . These results agree with the immunofluorescence observations in suggesting that Nrp1 underwent lipid raft, but not clathrin-dependent, endocytosis in response to sema3C.
VEGFR2 Colocalized With Nrp1 in Quiescent and in sema3C-Treated ECs
VEGFR2 was reported to associate with Nrp1 upon VEGF-A 165 treatment, but their relative localization in sema3Ctreated cells is unknown. 24 We found that more than 60% of the cell surface VEGFR2 population colocalized with Nrp1 in quiescent ECs (Figure 3a and 3b) . The 2 receptors remained coclustered to a similar extent as in quiescent cells after the application of sema3C and translocated together toward the perinuclear region (Figure 3a and 3b ).
Nrp1 and VEGFR2 Underwent Clathrin-Dependent Endocytosis in Response to VEGF-A 165
In ECs treated with VEGF-A 165 , VEGFR2 colocalized with clathrin between 1 to 2 minutes after the start of endocytosis (Figure 4a and 4c ). In agreement with previous findings, 2 this observation indicates that VEGF-A 165 induced clathrindependent endocytosis of VEGFR2. Concordantly, VEGFR2 did not colocalize with Cav1 between 0 to 30 minutes of uptake (data not shown). Nrp1 colocalized with clathrin to the same extent as VEGFR2 (Figure 4b and 4c ), as would be 
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expected given the colocalization of the 2 receptors in quiescent ECs (Figure 3a ). Similar to the observation made in sema3C-treated ECs, the majority of the Nrp1 and VEGFR2 populations remained coclustered up to 30 minutes after the start of uptake (Figures 4d and 3b) . At 10 and 30 minutes, the level of Nrp1-VEGFR2 colocalization in VEGF-A 165 -treated ECs was lower by a small but significant extent (Figure 3b ) than in sema3C-treated ECs. Although the reason for this difference is unclear, it may indicate a divergence in the trafficking routes of Nrp1 and VEGFR2 in VEGF-A 165treated ECs. At 30 minutes, part of the colocalized Nrp1-VEGFR2 was perinuclear, whereas another part recycled to the plasma membrane in 50% of the sampled ECs (Figure 4d and 1e). Generation of artifactual effects by the antibody to VEGFR2 had been ruled out in a previous study. 2 Unlike sema3C-induced uptake, expression of the DN AP180 or DN EPS15 reduced significantly the extent of VEGF-A 165 -induced uptake of Nrp1 (Figure 2a ). These results are consistent with the clathrin dependence of Nrp1 uptake in response to VEGF-A 165 . Unlike VEGF-A 165 , VEGF-A 121 does not does bridge between Nrp1 and VEGFR2, although it binds both receptors. 26 For this reason, we examined its effect on Nrp1 and VEGFR2 trafficking. The 2 receptors remained colocalized in VEGF-A 121 -treated ECs (data not shown) in a manner that was not significantly different from VEGF-A 165 -treated cells. This is not surprising because Nrp1 and VEGFR2 were colocalized in sema3C-treated ECs (Figure 3b ), although this ligand is not known to bind VEGFR2.
Unlike sema3C-treated ECs, Nrp1 did not colocalize with CT␤ in cells treated with VEGF-A 165 (supplemental Figure IV and Figure 1d ). To verify the differences in Nrp1 colocalization with CT␤ between sema3C-and VEGF-A 165 -treated ECs, we resolved by sucrose gradients cell lysates corresponding to each of the 2 conditions, as well as lysate of quiescent ECs. The presence of Nrp1 in the lipid rafts of sema3C-treated ECs was more than 3 times higher than in quiescent ECs and more than twice higher than in VEGF-A 165 -treated cells (Figure 5a ), confirming that sema3C treatment recruited Nrp1 to lipid rafts.
Nrp1 Associated With VEGFR2 in Response to Both sema3C and VEGF-A 165
The colocalization of Nrp1 with VEGFR2 in unstimulated ECs, as well as in sema3C-and VEGF-A 165 -stimulated cells (Figures 3a and 4d) , does not necessarily imply that Nrp1 and VEGFR2 are bound to each other, either directly or indirectly. In agreement with previous studies, 24 we found that Nrp1 and VEGFR2 did not coimmunoprecipitate in the absence of VEGF-A 165 . Stimulation by VEGF-A 165 or by sema3C induced association between Nrp1 and VEGFR2 by 10 minutes, but the extent of association was much higher in VEGF-A 165 -stimulated than in sema3C-stimulated ECs (Figure 5b) . By 30 minutes of sema3C or VEGF-A 165 treatment, Nrp1 and VEGFR2 associated at similar levels.
The Patterns of Nrp1 Colocalization With plexin D1 or With VEGFR2 Were Dissimilar
Sema3C binds to both Nrp1 and plexin D1, 22 where the latter receptor is thought to initiate the intracellular signaling, in a manner analogous to the role of VEGFR2 in VEGF-A 165 signaling. Therefore, we analyzed the localization of Nrp1 and plexin D1 during uptake in response to sema3C. Unlike VEGFR2, plexin D1 was not colocalized with Nrp1 in quiescent ECs (Figure 6a and 6b ). By 10 minutes, the colocalization of plexinD1 with Nrp1 reached close to 20% and did not significantly exceed that level by 30 minutes (Figure 6a and 6b) . Thus, the colocalization of plexinD1 with Nrp1 was lower and more transient than the VEGFR2-Nrp1 colocalization. 
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Nrp1 Trafficking Was Slower in synectin ؊/؊ ECs
To examine to role of synectin in Nrp1 trafficking, we compared the rate of Nrp1 trafficking in wild-type (WT) and synectin Ϫ/Ϫ ECs following the application of sema3C or of VEGF-A 165 . Both cell types had similar levels of Nrp1 on their plasma membranes (supplemental Figure IV) . The extent of Nrp1 colocalization with EEA1 in the perinuclear region was defined as the trafficking end point. The trafficking rate of Nrp1 in synectin Ϫ/Ϫ ECs in response to either sema3C (Figure 7a ) or VEGF-A 165 (Figure 7b ) was reduced by more than 5-or 2-fold, respectively (Figure 7c ), indicating that Nrp1 trafficking was significantly slower in the absence of synectin.
To further compare Nrp1 trafficking in WT and synectin Ϫ/Ϫ ECs, we tracked Nrp1 cluster movement in live cells of each type by time-lapse microscopy. Both the rate and pattern of movement were different in the 2 cell types. In WT ECs, Nrp1 clusters moved in the radial direction over relatively large distances, reaching the perinuclear region within 30 minutes (supplemental Movie 1). Nrp1 cluster movement was twice slower and over less than half the distance in synectin Ϫ/Ϫ ECs (supplemental Movie 2 and Figure 7d ), in agreement with the observations made with fixed ECs.
Nrp1 Translocated Along Actin Filaments and Microtubules
Vesicle tracks often follow actin filaments and microtubules because they are driven by either myosin or kinesin molecular motors, respectively. During the first 5 minutes after the application of sema3C, Nrp1 clusters moved in short increments (supplemental Movie 1) and without a uniform orientation. At later times Nrp1 cluster movement occurred in longer increments, mostly in the radial direction toward the nucleus. Nrp1 clusters in Sema3C-treated ECs fixed at 2 and . Nrp1 trafficking in response to either sema3C or VEGF-A 165 is faster in WT than in synectin Ϫ/Ϫ ECs. a and b, WT and synectin Ϫ/Ϫ (KO) mouse ECs fixed 30 minutes after the start of uptake and stained with anti-Nrp1 (red) and the early endosome marker EEA1 (green) in response to sema3C (250 ng/mL) (a) or VEGF (50 ng/mL) (b). Scale bar: 10 m. c, Percentage of WT and synectin Ϫ/Ϫ (KO) ECs in which Nrp1 reached the perinuclear region in 30 minutes in response to AP (white columns), which was used as a control substance, AP-sema3C (250 ng/mL, black columns), or VEGF-A 165 (50 ng/mL, gray columns) (nϭ3; meanϮSD; Pϭ0.002, Pϭ0.02, Pϭ0.002). d, Movement parameters of Nrp1 clusters in WT and synectin Ϫ/Ϫ (KO) mouse ECs, as measured by time-lapse microscopy. Each time interval was 30 seconds, and the total duration was 30 minutes. Nrp1 cluster movement in live cells is visualized in supplemental Movies 1 and 2 (nϭ30; meanϮSD; Pϭ1ϫ10 Ϫ11 , Pϭ2ϫ10 Ϫ12 ).
e76
Circulation Research 10 minutes after the start of uptake colocalized with either actin filaments or microtubules, respectively (Figure 8a, and  8b ). This suggests that Nrp1-containing vesicles translocated initially along actin filaments, then switched to microtubulebased movement, as reported previously. 27 To further test this possibility, we measured the degree of Nrp1 colocalization with actin filaments and with microtubules at 2-and 10minute time points. At 2 minutes, Nrp1 colocalization with actin filaments was more than 5-fold higher than its colocalization with microtubules, whereas, at 10 minutes, the ratio was reversed: Nrp1 colocalization with tubulin was close to 6-fold higher than with actin filaments (Figure 8c ).
Chemotactic Response of synectin ؊/؊ ECs to sema3C Was Impaired
Because it has already been shown that the migratory response of synectin Ϫ/Ϫ ECs to VEGF-A 165 is significantly lower than that of WT ECs, 18 it remained to us to compare the chemotactic response of WT and synectin Ϫ/Ϫ ECs to sema3C. Although sema3C reduced WT EC chemotaxis by more than 40%, there was no significant reduction in the chemotaxis of synectin Ϫ/Ϫ ECs (Figure 8d) , showing that Nrp1 signaling is impaired in synectin Ϫ/Ϫ ECs.
Discussion
We demonstrated here that the endocytic pathway of Nrp1 depends on its ligand: VEGF-A 165 induces clathrin-dependent endocytosis, whereas sema3C induces lipid raft-dependent endocytosis. Nrp1 and VEGFR2 were coclustered in quiescent ECs and remained so after sema3C treatment. It follows, surprisingly, that VEGFR2 is internalized in response to sema3C, although, unlike VEGF-A 165 , sema3C is not a known VEGFR2 ligand. The clathrin dependence of VEGFR2 uptake is in agreement with previous observations. 1, 2 Internalization in response to VEGF required the autophosphorylation of VEGFR2. 1 Therefore, it is likely that this tyrosine phosphorylation targeted VEGFR2 to the clathrin endocytic pathway, possibly by providing binding sites for clathrin adaptor proteins. 28 We observed a high level of basal colocalization of Nrp1 and VEGFR2, which persisted when ECs were treated by either VEGF-A 165 or sema3C. It is possible that on binding VEGF-A 165 , the tyrosine-phosphorylated VEGFR2 bound Nrp1 24 and "dragged" it along into the clathrin-dependent endocytic pathway.
Recruitment of receptors to lipid rafts by their ligands has been observed before, including that of Nrp1 in response to sema3A 8 and of syndecan-4 in response to fibroblast growth factor-2. 29 The recruitment mechanism of Nrp1 to lipid rafts is not known. The recruitment of tyrosine kinase receptors to lipid rafts requires their autophosphorylation. 30, 31 Tyrosine phosphorylation of VEGFR2 cannot account for its corecruitment with Nrp1 to lipid rafts, however, because it is unlikely that VEGFR2 underwent such phosphorylation upon binding of sema3C to Nrp1. Palmitoylation can also serve as a lipid raft recruitment signal for membrane receptors. 32, 33 Although Nrp1 has 2 putative palmitoylation sites on cysteines 881 and 883 in its cytoplasmic domain, there is no evidence as yet for their actual palmitoylation. Formation of a lipid shell around the transmembrane domain could also target receptors to lipid rafts, 34 as in the case of the platelet-derived growth factor receptor 35 and influenza virus hemagglutinin. 36 If a lipid shell were present around the transmembrane domain of Nrp1, sema3C binding could cluster the receptor into larger aggregates, producing Nrp1-populated lipid rafts. The sequence of the hydrophobic N-terminal region of the transmembrane domain of hemagglutinin, which determines its lipid affinity, resembles the sequence of the same region in Nrp1.
CT␤, which we used as an endocytic marker, is among several toxins endocytosed via lipid rafts. 37 Its endocytosis is frequently also Cav1-dependent and involves the association with Cav-stabilized membrane domains. 38 The semaphorininduced endocytosis of CT␤ described here was not Cav1dependent, however. Indeed, CT␤ was observed before to undergo lipid raft-dependent endocytosis in cells that do not express Cav, showing that the latter is not essential for this process. 37 Shiga toxin, another bacterial protein, also undergoes Cav-independent endocytosis via lipid raft-containing tubular structures. 39 Because we did not observe such structures, the endocytic pathway of CT␤, as well as that of Nrp1, differs from that of Shiga toxin.
Previous studies detected VEGFR2 in a Cav1-containing cell fraction and reported that VEGF treatment removed VEGFR2 from that fraction. 23 Those results do not necessar- ily disagree with the absence of VEGFR2-Cav1 colocalization we observed by immunofluorescence, because caveolae and lipid rafts sediment together when cells are fractionated by ultracentrifugation through a gradient of high-molecularweight medium. 40 VEGFR2-Cav1 colocalization was previously detected by immunofluorescence in VEGF-treated HUVECs. 41 Because we tracked Cav1 together with Nrp1 in sema3C-treated ECs, but did not track Cav1 together with VEGFR2 in VEGF-A 165 -treated cells, we cannot rule out the possibility of their colocalization under the latter conditions. However, our results are in closer agreement with the observation of Labrecque et al 23 than with Ikeda et al 41 concerning the effect of VEGF on the association of VEGFR2 and Cav1.
Although Nrp1 and VEGFR2 cocluster in quiescent ECs, our results, as well as those of others, 24 show that they are not bound to each other, whether directly or indirectly. Nrp1 and VEGFR2 remained colocalized following stimulation by either VEGF-A 165 or sema3C. The close proximity of Nrp1 and VEGFR2 probably facilitates their binding once treated by VEGF-A 165 , as shown here and in other studies. 24 Nrp1-VEGFR2 binding is essential for VEGF signaling, 24 but the significance of the lesser extent of Nrp1-VEGFR2 binding in response to sema3C is unclear at this point. Nrp1 coclustered with the semaphorin receptor plexin D1 in sema3C-treated ECs, but its coclustering was more transient and less pronounced that with VEGFR2. These dissimilarities likely reflect differences between the signaling mechanisms of Nrp1 as a VEGFR2 and as a plexin D1 coreceptor.
We found that both sema3C-and VEGF-A 165 -induced trafficking required synectin. Synectin is a "universal" adaptor between ligands that bind to its PDZ domain, including Nrp1 and myosin VI. 12 It follows, therefore, that trafficking in response to both sema3C and VEGF-A 165 requires myosin VI-driven translocation along actin filaments. Nrp1 trafficking in synectin Ϫ/Ϫ ECs was significantly slower than in WT ECs, and the regulation of the migration of synectin Ϫ/Ϫ EC by sema3C was impaired. This suggest that trafficking is essential for the participation of Nrp1 in both VEGF and semaphorin signaling. Therefore, it is likely that internalization and trafficking facilitate the coupling of Nrp1 and its associated signaling partners (whether VEGFR2 or a plexin receptor) to downstream effectors in signaling pathways regulating cell migration. This conclusion is in agreement with previous studies linking receptor trafficking with directional cell migration 4 and studies that attributed a migration-specific role to VEGF signaling through Nrp1. 24 Each of the 2 disparate endocytic pathways used by Nrp1 could contribute to its signaling specificity by coupling it to a different set of downstream effectors, depending on which ligand it binds.
